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Abstract

The thesis focuses on the development of a new algorithm able to identify an electron
Cherenkov ring using the NA62 Ring Imaging CHerenkov detector (RICH). The
algorithm is developed to act as an online Level 1 trigger algorithm and its execution
time is studied to make it as fast as possible. In parallel, an efficiency analysis of the
official offline NA62 RICH multi-ring reconstruction algorithm is performed in case it
will be used as an online trigger algorithm. Studies on the efficiency and the rejection
factor of the trigger cut to select the lepton number violating process K+ — m~ete™
are described. Concerning the Level 1 trigger cut strategy, it is based on the use of
the RICH detector only. Finally, a brief description of the NA62 PC-farm, where all

the software trigger algorithms are implemented, is described.
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Introduction

The Standard Model [1] of particle physics is a theoretical framework that describes
and predicts particle physics phenomena. Experimental results have confirmed
with a high level of accuracy the validity of the Standard Model. The discovery
of the Higgs boson at the CERN LHC |2] represents one of the latest successes
of the Standard Model predictions. Nevertheless, some aspects of Nature are not
successfully explained by the Standard Model. The neutrinos in the Standard Model
are described as massless particles even though experimental observations of neutrino
oscillations [3] demonstrate that neutrinos are not massless. The experimental
evidence of neutrino oscillations is also an example of the Lepton Flavour Violating
process, representing the first evidence of physics beyond the Standard Model. The
Standard Model, indeed, does not impose any conservation law of the lepton flavour
and lepton number quantities, and their conservation is not dictated by a local gauge

symmetry (Noether’s theorem).

Processes involving Lepton Number Violation have not been detected up to now.
These processes, with a violation of the lepton number by 2 units (AL = 2), are
quite interesting since they could explain the issue on the nature of the neutrinos,

i.e. Dirac or Majorana, and the origin of the neutrino mass [4].

The main physics goal of the NA62 experiment [5] is to measure the branching ratio
of the Flavour Changing Neutral Current decay K™ — wtvi. Parallel searches to
the main physics aim can be performed, in particular the search for Lepton Number

Violating processes K* — wT[TI* is foreseen.



This thesis is focused on the development of a new software trigger algorithm able
to identify an electron Cherenkov ring using the Ring Imaging CHerenkov (RICH)
detector of the NA62 experiment. The kaon decay to be selected by the trigger
algorithm is the Lepton Number Violating Kt — 7~ ete™ decay. In principle the

algorithm can be applied to select every event with an electron in the final state.

The first chapter gives a theoretical overview on the Lepton Number Violating
processes K+ — 7F[*[* and on the experimental status of the search for heavy
neutrinos. The Lepton Number Violating processes K= — 7 F/*[*, indeed, can be
mediated by the sterile Majorana neutrinos. The sensitivity to the branching ratio
of KT — n~eTe™ that can be reached by the NA62 experiment is also analysed. A
review of the previous experiments in the search of heavy neutrinos, ranging from
PS-191 experiment [6] performed at PS at CERN during the eighties to the existing
proposal for the SHiP experiment |7, 8] at CERN, is presented. A brief overview of

the physics behind the KT — 7tvi decay is also described.

In the second chapter, the NA62 experimental set up is described with particular
attention to the RICH detector that is the main detector in the Level 1 (L1) software
trigger studies. An overview of the NA62 trigger system and data acquisition is also

presented.

An algorithm to reconstruct trackless multi-ring events, based on the geometrical
Ptolemy’s theorem, is described in the third chapter. The official NA62 RICH
multi-ring reconstruction software is based on the Ptolemy’s theorem. An analysis

on the efficiency of this algorithm is performed and the results are discussed.

Studies of the trigger cut applied at L1 software-trigger stage to select multi-track
events using the RICH detector only are presented in the fourth chapter. A cut
based on the spatial distribution of the RICH PhotoMultiplier Tube (PMT) hits
is explored in order to distinguish single-track from multi-track events. The event
rate after a Level 0 (L0) and L1 trigger cut is shown. The KT — nFeTe™ decay is

chosen as multi-track signal to be selected. A further trigger strategy is then studied



to select the chosen signal and to suppress one of the main sources of background.

In the fifth chapter, a new L1 software trigger algorithm to identify an electron
Cherenkov ring is described. Efficiency studies of the algorithm in selecting the signal
are performed tuning the main parameters of the algorithm in order to have the best
efficiency. Since the algorithm has to run as on-line software trigger, running time
constraints are important: studies on the time improvement of the algorithm are

described in this chapter.

The last chapter is focused on a technical description of the NA62 data format and
of the PC farm framework where all the trigger algorithms are implemented. The
analysis performed with data collected during 2015 run to study the performance of
the L1 trigger algorithms is described. Considerations on the time budget available

for the online execution of the L1 algorithms are discussed.

A brief summary of the analysis and of results of the thesis is described in the final

conclusions.



Chapter 1

The Lepton Number Violating
processes and the KT — ntvw
decay: theoretical overview and

experimental status

1.1 Phenomenology of the Lepton Number Viola-

tion for the K* — wFI*I* processes

The Standard Model does not impose any conservation law of the lepton flavour
and lepton number quantities. Their conservation is not dictated by a local gauge
symmetry (Noether’s theorem). The experimental evidence of neutrino oscillations
is a proof of the Lepton Flavour Violation (LFV) process, representing the first
phenomenon of physics beyond the Standard Model [3|. On the other hand, processes
involving Lepton Number Violation (LNV) have not been detected up to now.
Possible channels to be searched for include those that violate lepton number by two

units (AL = 2). These processes are quite interesting since they could explain the



nature of the neutrinos, Dirac or Majorana, and the origin of the neutrino mass [4].

The K* — nFe*e® decay represents one of the lepton number violating processes
and it is the signature that the software trigger strategy described in chapter 4 looks

for.

Experimental observations of the neutrino oscillations demonstrate that neutrinos
are not massless as predicted by the Standard Model. A Dirac mass term in the

Standard Model is written as:

map (1.1)

where v is the Dirac spinor. Knowing that it can be decomposed into its left- and

right-handed component,
Y =vr+Yr, (1.2)

it follows that:
mip = mribr + mrir, (1.3)

as Y1y, = Ypir = 0. Hence Dirac particles in the Standard Model lagrangian, with
non zero mass, must have both right and left handed states. Since the neutrino in
the Standard Model has never been observed in its right handed component, it is not
possible to write a neutrino mass term in the lagrangian £ of the Standard Model.
On the other hand, the experimental observation of the neutrino oscillations is a
proof that the neutrinos are not massless and then a right handed component of the
neutrinos state can be included in the lagrangian of the Standard Model. This leads
to the open issue of the neutrino’s nature as it can be either a Dirac or Majorana

particle.

A Dirac particle is a fermion with 1/2 spin described by the Dirac equation

(8,7 — m) =0, (1.4)

where v* are the Dirac matrices and ¢ is the 4-component-complex Dirac spinor.



A Majorana particle is a fermion described by the y field satisfying the following
relation:

Ox" = ey, |e*]? =1, (1.5)

where C is the charge conjugation operator and €% is an arbitrary phase. The y
field is an eigenstate of the C operator as explained by the relation 1.5 and it means
that the Majorana particle is its own antiparticle. Neutrinos are the only candidates
for Majorana particles since these do not have any U(1) charge, such as the electric

charge.

If a particle is its own antiparticle it implies that the Majorana field has also non-zero
propagators like (0] T'(¢a(2)1s(y)) [0) and (0] T(¥, () 4(y)) 0), in addition to a
non-zero propagator (0| T'(¢(x)¥5(y))[0). The T operator is the time-ordering

operator. The relation 1.5 leads to:

(0] T(tha(2)t5(y)) 0) = —e ™ (0] T'(va(2)5(y)) [0) C # 0 (1.6)
(O] T (W (2)5(y)) [0) = €“C7 0] T(a(2)5(y)) [0) # 0. (1.7)

These propagators would violate the lepton number by two units. Processes violationg
the lepton number by two units like K* — 7FI*I*( = e, 1) can be justified by the
mediation of a massive Majorana neutrinos. The lowest order contribution to the
amplitude Ay = A(K* — 771[F) is illustrated by the Feynman diagram in Figure
1.1.

The branching ratio B(K* — 7FI%[*) can be studied in the limit of light sterile
neutrinos (the neutrino mass is much smaller than the kaon mass), in the limit of
heavy sterile neutrinos (the neutrino mass is much larger than the kaon mass) and
finally when the neutrino is resonant, i.e. if at least one sterile neutrino has a mass
within the mass-range shown in relation 1.8, the K* — 7¥[%[* decay may occur via
resonant production of the heavy neutrino (for the production and decay mechanism
of heavy neutrino see relations 1.9). In this section B(K* — 7FI*[*) is studied for

resonant sterile neutrinos.



Figure 1.1: Feynman diagrams describing the contribution of the massive Majorana
neutrinos to the AL = 2 process K= — nFl{lE, where [; and [, indicate the first
and the second lepton, respectively.

Only one sterile neutrino is taken into account and it is denoted Ny. If a neutrino has
a mass range such that (where m,, m;, my, and my are the mass of pion, lepton,

sterile neutrino and kaon, respectively)
My +my < my, < mg —my, (1.8)

the lepton number violating processes K+ — 7 FI*[* can occur by the mediation of

the resonant sterile Majorana neutrino. In particular the processes are the following:

K* — [*N,,

Ny — 7T %, (1.9)

The maximum value of the mass that the sterile neutrino can have is obtained by
kinematical constraints of the production process in relation 1.9. Concerning the
minimum value reachable for the sterile neutrino mass, it is dictated by kinematical
constraints of the decay process in relation 1.9. Considering a Majorana sterile

neutrino with a mass my, = 300 MeV, the branching ratio B(K* — 7 Fi*[*) has



the following form [9]:

1
B(K* — 7 IH%) ~ 10*19GerF— Uy
N (1.10)
~ 1077p871XTN4 ’Z/{l4 |4,

where U, is the mixing matrix element for the Majorana sterile neutrino. Further
considerations on the sensitivity that NA62 can reach in the estimate of the branching

ratio of K+ — m~eTe™ decay, are described in Section 1.1.2.

1.1.1 Experimental searches for heavy neutrinos

The study of B(K* — nFI*[*) is connected to the search for the exotic particles as

heavy neutrinos.

The PS-191 beam dump experiment [6] has been performed during the eighties at
PS at CERN. It looked for the heavy neutrino decays into lepton-pion and positron-
electron-light neutrinos. The heavy neutrinos were searched through the decays of
mesons produced by the interaction of 19.2-GeV proton beam on a beryllium target,
assuming lepton conservation at production. The neutrino could be produced with
either electronic flavour v, or muonic flavour v, according to the other lepton. This
experiment was designed to look for neutrino decays into e™e~v. No events, above
expectations of zero events, compatible with this decay have been observed and
the experiment put a stringent exclusion limit on the mixing parameters U., and
U,4 in the mass range below 500 MeV, as shown in Figure 1.2. Early experimental
results are also shown, in particular the printed references 9, 10, 11, 12 on the plots
refer to [10], [11], [12], [13], respectively. The lowest limit on mixing parameters put
by PS-191 for heavy neutrino masses less than 100 MeV is set searching for heavy
neutrino produced via pion decay, while the other limit ranging up to ~ 500 MeV

mass is set searching for heavy neutrino produced via kaon decay.

Two different strategies can be explored to search for heavy neutrino: the first

one consists of looking for peaks in the two body decays of pion and kaons (peak
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Figure 1.2: Upper limits on the mixing parameters obtained by PS-191. On the left
the limit of the mixing parameter is shown for the production of heavy neutrino with
electron while on the right the limit of the mixing parameter is shown for the heavy
neutrino produced with muon. Early experiment results are also shown [6].

searches), with a neutrino mass 10 MeV < my < mg [14], the second one consists
in searching for decay products of heavy neutrino, that is the strategy adopted by
PS-191 experiment|4].

A survey on the limit of the mixing parameters Ueq, U, is shown in Figures 1.3 and
1.4 with a neutrino mass range extended up to 100 GeV [4, 15]. Figure 1.3 shows the
limit on the mixing parameter U,, as a function of the neutrino mass ranging from
10 MeV up to 100 GeV. Different experimental results are shown via the search of
heavy neutrino at production, i.e. peak searches, or via heavy neutrino decays. The
limits reached by the CHARM [16] and NA3 [17] beam-dump experiments are from
searches of heavy neutrino decays as the PS-191 experiment [6]. The TRIUMPH [18§]
and KEK [12] experiments searched for heavy neutrino at production (peak searches)
and their limits are labelled 7 — er and K — ev, respectively. The limits put by
L3 [19] and DELPHI |20] experiment at LEP come from search of heavy neutrino
at production and a following decay in Z°. For a given neutrino mass my, the NA3

limit puts a range on the matrix element value and vice versa, at a given matrix



element, a range on the neutrino mass is obtained.

Figure 1.4 shows the limits on the mixing parameter {/,,4 as a function of the neutrino
mass ranging from 100 MeV up to 100 GeV. Different experimental results are shown
via the search of heavy neutrino at production, i.e. peak searches, or via heavy
neutrino decays. The limits labelled by K — pv are reached by the KEK [12], NuTeV
[21], BEBC [22], FMMF [23], CHARM II [24] and PS191 [6]. All these experiments

were beam dump experiments searching for heavy neutrino decays.
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Figure 1.3: Upper limits on |Uu|* (i.e. |Ves|* on the y-axis) from different experiments

14].
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Figure 1.4: Upper limits on [U,4]*(i.e. |V,4|? on the y-axis) from different experiments
[4].

As already mentioned, the search for lepton number violating processes (AL = 2), like
K+ — 7 e'e™, is linked to the search for Majorana neutrinos since these processes

can be explained by the mediation of on-shell or virtual Majorana neutrino.

The experiments in the B-physics sector represent an additional probe to the previous
experiments of the low mass region. The LHCb experiment [25, 26| has recently
given an important result on the limit of || looking for heavy neutrinos produced
by the B~ — 7y~ ™ decay. The upper limits have been estimated for the heavy
neutrino mass ranging from 250 MeV up to 5 GeV with 3fb~! of integrated luminosity.
The upper limit at 95% CL on |U,,4|* is shown in Figure 1.5 (in the current figure,
U,.4)* is replaced by |V,u|* on the y-axis). It is mass dependent and it ranges from
~1072 for neutrino masses of ~ 250 MeV and larger than 4 GeV up to 107 for a
neutrino mass of ~ 2 GeV [25, 26].

A new beam dump experiment at the CERN SPS named SHIP |7, 8] will use charm
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Figure 1.5: Upper limit at 95% CL on [U,4]* (i.e. |V,4|* on the y-axis) as a function
of the neutrino mass from LHCb experiment [25, 26].

mesons decays to search for heavy neutrinos. The production mechanisms are

D — KIN
D, — IN (1.11)

Dy — tv followed by 7 — lv or 7 — wN

where [ = e, . The most promising heavy neutrino decays among the two-body
decays for the SHIP experiment are: N — It and N — [p™, where | = e, pu [8]. The
SHIP experiment will be able to reach a sensitivity for the parameter |U,4)* between

107" and 107 for heavy neutrino masses below 2 GeV [7].

1.1.2 The NAG62 sensitivity

The expected number of kaon decays in the NA62 fiducial region for two years of
data taking is:
Ng ~10.6 x 10" (1.12)

The sensitivity that NA62 can reach in the estimate of the branching ratio of the
Kt — mete’ decay is studied in this section. The Upper Limit (UL) for the

12



branching ratio B(K+ — n~eTe™) is computed as follows:

N(KT = mefe™)

NK €Eree

B(Kt — 1 efet) = , (1.13)

where N(K™ — 7~ ete™) is the number of signal events where UL is estimated
using the Feldman-Cousins statistical method for 90% of CL [27|, assuming to have
zero background and to observe zero event candidates and €, is the geometrical

acceptance of the signal.

The KT — 7w eTe® geometrical acceptance e is ~ 30%. It is obtained simulating
1000 K™ — wtete™ events in the NA62 decay region, and checking how many
of these events have three reconstructed tracks by the spectrometer, at least two
Cherenkov rings detected by the Ring Imaging Cherenkov detector, and at least two
clusters in the electromagnetic calorimeter LKr (the NA62 experimental set up is

described in chapter 2).

To observe zero signal events where zero background events are expected, the UL
on the number of signal events of K™ — 7~ etet decays at 90% of CL, using the

Feldman-Cousins statistical method, is:

N(KtT = n7ete™) < 244 @90% CL, (1.14)

The UL on the branching ratio B(K™ — m~ete™) that is estimated to be reached

by NA62 in two years of data taking is:

B(KT —n efe™) < 0.77x 1072 @ 90% CL. (1.15)

The actual experimental limit on the branching ratio of the K+ — m~eTe™ decay is

B(K* — meTe™) < 6.4 x 10712 at 90% CL [3].

Considering now the scenario in the limit of the resonant sterile neutrino with a

13



neutrino mass equal to 300 MeV (see Section 1.1, Equation 1.10 for [ = e) the
branching ratio is estimated to be [28, 9]

1
|Z’{e4|4
N (1.16)

~ 10_7 ps_l X TNy |Z/{e4‘4 :

B(KT — n7ete™) ~ 1079GeV x T

From the relation in 1.16 the sensitivity to the mixing element depending on the
neutrino lifetime is obtained. As the experimental sensitivity that NA62 can reach
in the estimate of the branching ratio B(K™ — 7~e*e™) is O(107!2), for the case
where 'y, <1077 GeV (neutrino lifetime 7y, = 107 ps), the NA62 experiment can

place non-trivial constraints (U4 < 1) on the mixing matrix element Ue,.

1.2 K' — wvi decay

1.2.1 The Cabibbo-Kobayashi-Maskawa matrix

The Cabibbo-Kobayashi-Maskawa matrix (Veogar) allows to change from the mass

cigenstates (d, s,b) to the weak eigenstates (d',s',b) which interact with the u, c,t

quarks:
d d Via Vs Vi d
s =Vexkm [ s| =V Vs Vo s
v b Viae Vis V) \b

Two parametrizations of the Vi iy, available in literature are presented in this section:

the Standard [29] and the Wolfenstein [30] parametrization.
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The Standard parametrization

In the Standard parametrization the Vo), matrix can be written as follows:

—10
C12C13 S12€13 s13€”"
i6 6
—S812C23 — C12523513€ C12C23 — 512523513€ 523C13

6 i6
512523 — C12€23513€ —823C12 — 512€23513€ C23C13

where ¢;; = cosf;; and s;; = sinfy; (i,j = 1, 2, 3), and 0 is the CP violation phase.
The s;3 and so3 are small numbers of the order O(107%) and O(1072) respectively,

the c13 = 93 &~ 1 and the other four parameters are

def def def
s12=| Vis |, s13=| Vi |, s =| V|, 6. (1.17)

The CKM elements have been estimated by a plethora of experimental measurements.
The present experimental results for the absolute value of the CKM elements are

shown [3]:
0.97426+5:00022 (). 22539+0:00062 () 003501+ 90019
| Verar |= [ 0.22526709092 0.973451000022  0.04070* 30901
0.00846* 000015 0.039967:00665  0.9991657 (00001
The Wolfenstein parametrization

In the Wolfenstein parametrization the four mixing parameters in 1.17 are replaced
by:
\CA o, (1.18)

that are connected to the parameters in 1.17 by:

S19 = )\, , 8923 — A)\27 51367115 = A)\g(p - ZT]) (119)
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The parameter p and 71 are then:

513 S13 .
cosd, 1n= sind, (1.20)
512523 512523

that are obtained by an exchange of variables from 1.17 to 1.18. The matrix Vogas

is written as follows:

1- ’\72 A AN (o —m)
2 4
Y 2 g L O, (1.21)
AN(1 —p—n) —AN? 1

Each element of the Vg matrix, in the Wolfenstein parametrization, is written
as a power series of the parameter A= |V,s| = 0.22. Ounly the first few terms of the
expansion, O(\3), are kept due to the smallness of the A parameter. According to
the required level of accuracy, O(\*) terms can be added to the Vg p matrix in the

Wolfenstein parametrization.
Wolfenstein parametrization at higher orders

Considering the parameters’ definition in 1.19 and in 1.20, it is possible to write the

standard parametrization in terms of powers of A at higher orders defined as follows:

Via =1 — %V — %X‘ +0(\%) (1.22)

Vs = A+ O(\") (1.23)

Vi = AN* (0 — ) (1.24)

Ved = =X + %AZ)\E’ (1—2(p+m)) +O(\") (1.25)

16



u$:1—§v—évu+4A%+OQ%
Vi = AN + O(\®)
1

Vig = AN? (1 —(o+m) <1 — §>\2)) + O(\")

1
Vie = —AN + §A(1 —20)A* — AN + O(\%)

1
Vi =1- SAN + O(X°).

(1.26)

(1.27)

(1.28)

(1.29)

(1.30)

The correction to the terms V,,s and V are of the order O(A7) and O()\®) respectively,

and the term V,; is unchanged. Introducing new variables p = p(

n= (1 — ’\2—2), the Vs, Vi, Vi, Vip can be written with good accuracy as:

Vs = A

Vap = AN?

Vip = A)\3<Q —m)

Via = AN (1 — 0 — 7).

1.2.2 The unitarity triangle

2) and

(1.31)

(1.32)

(1.33)

(1.34)

The Vok s is a unitary matrix that means ), Viij*,; = 0;;. If j and 4 are fixed, there

is a relation between three complex numbers. Each relation can be represented by a
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triangle in the complex plane, known as "unitary triangle". One of the relations is:

VaudVigy + VeaViy, + ViaVyy, = 0. (1.35)

An example of a "unitary triangle" is shown in Figure 1.6.

00) (1,0)

Figure 1.6: Unitarity triangle.

The measurement of the branching ratios of K+ — 7ntvi and K; — 7v¥ leads to

the knowledge of p and n parameters by the determination of the V;; matrix element.

1.2.3 Standard Model predictions for K+ — wtvip

The rare decay K — wt v is an extremely interesting process from the flavour
physics point of view. It is a golden channel in the Flavour Changing Neutral Current
(FCNC) modes and it is one of the cleanest decay modes mediated by the quark
process s — d [31]. It is considered a golden channel in the FCNC processes for the

following reasons:

e the rate is very small because of the Glashow-Iliopoulos-Maiani (GIM) sup-
pression. For each of the penguin and box diagrams (see Figure 1.7), there
are amplitudes with u, ¢ and t quarks in the loops. Since the loop integrals
scale with mg (my is the mass of the quark), the ¢t quark contribution is the
strongest. But because of the hierarchy of CKM matrix elements, V,;V}, is very

tiny. So the total rate is very small (see Equation 1.40);
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e the theoretical prediction is very precise for a number of reasons. The most
important is that the hadronic matrix element, the factorizable part of the
overall matrix element that accounts for the fact that the s — d transition
does not take place among free quarks, but rather between an s quark that is
bound into a kaon and a d quark that is bound into a pion, can be directly

0

obtained from very precise existing measurements of the decays K+ — etn'v,

via a rotation in weak isospin (see Equation 1.37);

e there are no long distance contributions from states with intermediate photons

that contribute to the total rate for K+ — 7.

The amplitude of the decay consists of two terms: one term is easily computed within
the Standard Model rules, the second one is related to the hadronic part of the
process and can be determined experimentally from the semileptonic decay of the
kaon K+ — 7% Tv. The hadronic matrix, indeed, taking into account that the s — d
transition does not happen among free quarks but between an s quark bound into a
kaon and a d quark bound into a pion, can be estimated by the kaon semileptonic

decay via a rotation in the weak isospin.

In the Standard Model this process is a combination of penguin diagrams (the first
two diagrams on the left in Figure 1.7) and box diagram (the third diagram in Figure
1.7).

u,ct } d s u,c,t d s u,ct d

__________

Figure 1.7: Feynman diagrams for s — dvv process.

In each of these Feynman diagrams the wu, ¢, t quarks appear in the loops. The rate of

the decay is very small because of the GIM suppression. The amplitude of the process,
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dictated by the GIM mechanism, is A, ~ mg / m%,[,Vq";qu where ¢ = u, ¢, t. Because of
the hierarchy of the CKM matrix elements, V;;;V,; is very tiny and then the total rate
is very small. The contribution of the top-quark is dominant for the K+ — wtvw
process with a smaller contribution of the charm-quark. The contribution of the up-
quark is negligible and then there are no long distance contributions with intermediate

photons: the decay is a short distance process well described by the Fermi coupling:

Hepy = Z %( CDV_A () y_as (1.36)

l:(i,Mﬂ—

where G is the effective coupling constant. Given G, the branching ratio comes
from the branching ratio of the semileptonic decay K+ — 7’eTv via a rotation in

the weak isospin:

1Gy|?

BR(K+ — 7T+Vﬂ) = Z 27’K+BR(K+ — 7T06+V)m
FlYus

l=e,p,m

(1.37)

where 7+ = 0.901 [32] is due to the isospin breaking corrections in relating K+ —

tvv and KT — 7l tv decay [31]. The effective constant (; can be expressed by

™
the sum of two terms: the first one coming from a loop with the top-quark and the

second one from a loop with the charm-quark:

O./GF

G ="
: 27 sin?(Oyy)

[ViaViaX () + ViVeaX . ] | (1.38)

where x; = (my/mw)?, « is the electromagnetic coupling and 6y is the weak mixing
angle. The X coefficients depend on the loops and they are well known computed
functions. The contribution of the top-quark is well known and the error on its
estimate is due to the uncertainty on the knowledge of the top-quark mass. The
smallest contribution is due to the charm-quark and it is affected by a higher
uncertainty. Averaging over the three flavours of neutrinos the following expression
is obtained:

1|2 1
P()(X) = F [gX?VL + g 17\—/'L:| =042+ 006, (139)

where A is the |V,,| in the Wolfenstein parametrization that means a theoretical
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error on the V4 estimate of ~ 5-7%. This makes the K™ — 7" v decay one of the
interesting channel to explore the "unitary triangle". The numerical prediction for

the branching ratio is [33]:
B(KT — ntvp) = (7.8170%9 4 0.29) x 1071, (1.40)

where the first error is due to the uncertainties on the parameters and the second
error, which is due to theoretical issues such as the knowledge of the CKM elements

and the quark masses, is expected to improve.

The Kt — wtvi decay, moreover, is very sensitive to new physics beyond the
Standard Model. It is possible that, if the measured branching ratio is not compatible
with the prediction of the Standard Model, the K™ — 7"v decay channel may give

evidence of the presence of a new physics beyond the Standard Model.

In conclusion, the measurement of the branching ratio of the Kt — 7w gives
precise information on the "unitary triangle" and it is very sensitive to new physics

beyond the Standard Model.

1.2.4 The experimental status

The first measurement of the branching ratio of the Kt — 77vi decay has been
performed by the E787 and E949 [34] experiments at the Brookhaven National
Laboratory with low-energy kaons stopped in a scintillating-fibre target. During four
years of data taking, seven signal candidate events were observed. The probability
to be a fluctuation around the ~ 2 expected events of background is ~ 1073. The
branching ratio has been estimated B(K+ — ntvp) = 1.7371:52x 1071 [35]. The
result is consistent with the Standard Model prediction even though there is a

significant difference between the theoretical precision and the experimental error.

The NA62 experiment at CERN aims to measure the branching ratio of the K+ —
7tvv decay with a total uncertainty of 10% on the Standard Model prediction
requiring O(100) events in two years of data taking. NA62 adopts a new strategy
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that has never been used in the search for K™ — 7Tvv decay. The strategy consists
of studying the decays of kaons in flight with a 75 GeV /c beam of kaons, protons
and pions. The expected signal-background ratio is S/B ~ 10.
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Chapter 2

The NA62 experimental setup,

trigger and data acquisition

The NA62 experiment is located in the CERN North Area High Intensity Facility at
the ECN3 cavern and it uses the SPS extraction line. Schematic descriptions of the
CERN accelerator structure and of the NA62 detector are shown is Figure 2.1 and

Figure 2.2, respectively.

CMS
LHC
7y et

ALICE

SPS

ATLAS

-ast
LINAC 2 < CT
e
N Leir
LINAC =S 2005 (78 m)
lons
» ion » neutrons b f (antiproton) —H— /antiproton conversion  » neutrinos  » electron

LHC Large Hadron Collider  SPS  Supe

AD Antiproton Decelerator CNCS G
LEeR LowEnergylonRing LINAC LINe

Figure 2.1: Schematic view of the CERN accelerators complex. The NA62 experiment
is located in the North Area. This image is taken from [36].
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The NA62 experiment is a fixed-target experiment and its main physics goal is
to measure the branching ratio of the Kt — 7" v decay [37]. In order to select

K+ — 7tvp events, the NA62 detector aims to:

e identify incoming K tracks;
e identify 7t tracks coming from K decays;
e to reject et and p* coming from other decay channels with a high efficiency;

e to reject additional photons coming manly from 7° — v+ decay where the 7°
is generated by K+ — 777% decay (the branching ratio of K+ — 7t7% decay

is ~ 20% [3]).

The main elements for the detection of K+ decay products cover a length of 170 m,
starting about 100 m downstream of the beryllium target. The reference frame of
the NA62 is a Cartesian reference frame. The origin of the system (z, y and z = 0)
is the point located on the upstream surface of the beryllium target (z =0), where
the x =0 and y =0 are set in the middle of this surface. The z is along the beam
line, the y axis is orthogonal to the z axis going from bottom to top and the x axis is
set in order to build a right-handed reference frame. The fiducial volume where the
useful kaon decays are detected is in the first 60 m of the 117 m long evacuated tank.

The main experimental elements placed along the NA62 nominal beam-axis are:

e the CEDAR, a Cherenkov detector that identifies the K component in the
beam (Section 2.3.1);

e the GigaTracker (GTK), a spectrometer consisting of three silicon pixel stations
that measure the coordinates and momentum of the individual beam particle

(Section 2.2.1);

e the CHANTI, a detector composed of six stations placed after the third station
of GTK aiming to reduce the background due to the inelastic interactions of

the beam with the GTK stations (Section 2.2.3);
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e the Large Angle Veto (LAV) stations, a set of twelve photon-veto detectors
aiming to detect photons within an angular region between 8.5 mrad and 50

mrad (Section 2.4.1);

e the STRAW, a spectrometer that detects and measures the coordinates and

momentum of charged particles originated from the decay region (Section

2.2.2);

e the Ring Imaging CHerenkov (RICH), a particle identification detector that
aims to separate 71 from pt between 15 GeV/c and 35 GeV/c (Section 2.3.2);

e the CHOD, a charged hodoscope that is important in the detection of multi-
charged events (Section 2.3.3);

e the IRC calorimeter, a small angle photon and charged particle veto that covers

an angular region up to 1 mrad (Section 2.4.3);

e the Liquid Krypton (LKr) calorimeter, an electromagnetic calorimeter that
provides a photon-veto together with the LAV stations, covering an angular

region between 1 mrad and 8.5 mrad (Section 2.4.2);

e the Muon Veto system(MUV), a system composed by three detectors: the
MUV1 and MUV2 act as hadronic calorimeters that measure the deposit of
energies and the shower shape of incident particles; the MUV3 consists of 140
scintillators with a time resolution ~ 500 ps and it is used as a fast muon veto

in the lowest trigger level (L0) (Section 2.5);

e the SAC calorimeter, a small angle photon-veto, placed downstream the MUV 3,
that detects photon emitted with angles approaching zero with respect to the
kaon flight direction (Section 2.4.4).

The longitudinal position and the size along the NA62 nominal beam axis of all

NA62 subdetectors are listed in Table 2.1 [38|.
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Subdetector | Longitudianal position along the nominal beam axis[m| | Size along nominal beam axis[m]|
CEDAR ~ 69.79 ~5

GTK station 1 ~ 79.60 ~ 0.16
GTK station 2 ~ 92.80 ~ 0.16
GTK station 3 ~ 102.40 ~ 0.03
CHANTI 1 ~ 102.45 ~ 0.03
CHANTI 2 ~ 102.51 ~ 0.03
CHANTI 3 ~ 102.63 ~ 0.03
CHANTI 4 ~ 102.86 ~ 0.03
CHANTI 5 ~ 103.32 ~ 0.03
CHANTI 6 ~ 104.24 ~ 0.03
LAV1 ~ 122.20 ~ 0.6
LAV2 ~ 129.80 ~ 0.6
LAV3 ~ 137.40 ~ 0.6
LAV4 ~ 145.05 ~ 0.6
LAV5 ~ 152.66 ~ 0.6
LAV6 ~ 166.17 ~ 0.6
LAVT ~ 173.68 ~ 0.6
LAVS ~ 181.19 ~ 0.6
STRAW 1 ~ 183.60 ~ 0.1
LAV9 ~ 193.39 ~ 0.6
STRAW 2 ~ 193.87 ~ 0.1
LAV10 ~ 203.91 ~ 0.6
STRAW 3 ~ 204.55 ~ 0.1
LAVI11 ~ 218.53 ~ 0.6
STRAW 4 ~ 218.98 ~ 0.1
RICH ~ 219.60 ~ 17
LAV12 ~ 238.78 ~ 0.6
CHOD ~ 2390.2 ~ 0.02
IRC ~ 239.70 ~ 0.09
LKr ~ 241.49 ~ 0.40
MUV1 ~ 244.34 ~ 0.92
MUV2 ~ 245.29 ~ 0.85
MUV3 ~ 246.85 ~ 0.05
SAC ~ 261.21 ~ 0.21

Table 2.1: NA62 subdetectors longitudinal positions and sizes along the nominal
beam axis [38].

The detector has a cylindrical geometry around the beam axis and it can be divided

into four sub-systems: the tracking system (Section 2.2), the particle identification

system (Section 2.3), the photon veto system (Section 2.4) and the muon veto system

(Section 2.5). A description of the beam line is given in Section 2.1.
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Figure 2.2: Schematic view of the NA62 experiment showing the main sub-detectors
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2.1 The beam line

Protons from the SPS at 400 GeV /c impinge on a 400 mm long, 2 mm diameter
beryllium target producing a secondary charged beam. At the entrance of the fiducial
volume the instantaneous rates of K+, 7, p*, e™ and u™ are 45 MHz, 525 MHz, 173
MHz, ~ 0.3 MHz and ~ 6 MHz, respectively [5], with an uncertainty of ~10%. A
secondary positive kaon beam of 75 GeV/c is selected by passing the beam through
an achromat consisting of four dipole magnets (see Figure 2.3) [5]. For a kaon of
75 GeV /¢ the decay length is about 600m and it leads to a 10% fraction of kaon
decays in an experimental fiducial volume of 60 m. After the beryllium target a
system of quadrupole magnets focuses the charged particles towards a beam dump
element represented by a momentum-defining slit. The magnet system is composed
of TAX1 and TAX2 ("Target Attenuator eXperimental areas") that are enclosed in
an achromat composed of four dipole magnets. Each TAX is made of 1.6 m of copper
and iron (along the beam axis) that selects the particles with the correct charge and
momentum through slits. The width of the slits determines the momentum spread
of the particles. By closing one slit, one polarity can be selected to study K+ or K~
separately. Additional quadrupoles focus the beam towards two collimator and align
the beam on the axis of the Cherenkov differential counter that has to tag the kaon

(the CEDAR).
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Figure 2.3: The beam line and the NA62 detector [40].
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The upstream detectors are exposed to a high particle rate (750 MHz) that is ~ 17
times the rate due to the kaon component of the beam (45 MHz). Muons from pion
and kaon decays represent an important contribution to the particle flux to which

the detectors are exposed. Some NA62 beam properties are summarized in Table 2.2

I5].

SPS proton rate on target 1.1 x 102 Hz
Fluxes at production D 171 MHz
K+ 53 MHz
7wt 532 MHz
Fluxes at the beginning of the fiducial region D 173 MHz
K* 45 MHz
Tt 525 MHz
et 0.3 MHz
pt 6 MHz
Mean Kt momentum 75 GeV/c
Momentum band r.m.s Ap/p 1%
2 r.m.s Beam size x ==+ 27.5 mm
y ==+ 11.4 mm
Fiducial volume length 60 m
K™ decay length Bryer 563.9 m
K™ decay fraction in the fiducial volume 0.10
K™ decays in the fiducial volume per year 4.5 x 102

Table 2.2: NA62 beam properties. In the g™ flux the halo is not taken into account

[5].

2.2 The tracking system

The tracking system is composed of two detectors: the GigaTracker and the STRAW

spectrometer.

2.2.1 GigaTracker

The GigaTracker (GTK) is a spectrometer that has to provide a precise measurement
of the momentum, time and direction of the incoming kaon beam at nominal
beam momentum (75 GeV/c). The detector is formed by three hybrid silicon

pixel stations placed along the beam line upstream the 60m-long fiducial region
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(105m< ZpiducialRegion <165m) between four magnets as shown in Figure 2.4. More
precisely, each station is placed at the following z-coordinates along the nominal

beam-axis:

e first GTK station: z ~ 79.6 m;

e second GTK station: z ~ 92.8 m;

e third GTK station: z ~ 102.4 m.

A charged particle passing through a magnetic field is bent and its path depends on
its momentum. The GTK is fundamental for the selection of K™ — 7w decay and
the background reduction is achieved by kinematic constrains based on the missing

mass variable:

m2 . ~m2 (1—|”)—|—m2(——”>_P P62, 2.1
miss K |P| ™ |P’ | KH ‘ﬂ'K ( )

where mpg, m, are the kaon and pion mass,respectively, Pk, P, are the fourth-
momentum of the kaon and pion, respectively, and 6,k is the angle between the pion
flight direction and the kaon flight direction. The quantity Py is entirely measured by
GTK while the angle, 0, , is obtained from the measure of the kaon flight-direction
given by the GTK and of the pion flight-direction coming from kaon decays, which is
measured with the downstream spectrometer, the STRAW detector (Section 2.2.2),

which also provides the measurement of P,.

The GTK detector has to sustain a high beam rate of 0.75 GHz that is not uniform
having a peak value over 1.4 MHz/mm?. The GTK has to measure the momentum
with a relative resolution of o(p)/p ~ 0.2% and the direction with a resolution of 16
prad per coordinate. The time resolution on a single track using the three stations
must be 150 ps in order to minimize a wrong association of the beam particle to the

decay product reconstructed in the downstream sub-detectors.
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Figure 2.4: Layout of the GigaTracker stations [5].

2.2.2 STRAW spectrometer

The STRAW tracker is designed to measure the direction and the momentum of the
secondary charged particles originating in the decay region. It consists of four drift
chambers with a high aperture dipole placed in the middle as shown in Figure 2.5.
The detector is placed in vacuum in order to reduce the multiple scattering effects.

The z-positions of the chambers along the nominal beam-axis are:

first chamber: z ~ 183 m;

second chamber: z ~ 194 m;

third chamber: z ~ 204 m;

fourth chamber: z ~ 219 m.

Each chamber is equipped with 1792 straw tubes arranged in four "views" in the zy
plane, 0°(X), 90°(Y), -45°(U) and +45°( V). The spectrometer is formed mainly by
an ultra-light straw tube 2.1 m long with a diameter of 9.8 mm. Each chamber layer
contains 112 straws and the distance between the straws in one layer is 17.6 mm.
After the second chamber there is a magnet that is 1.3 m long and has an integrated

field of 0.9 T m. The STRAW magnetic spectrometer must have a spatial resolution
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of 130 pum per coordinate and 80 um per space point. The straws near the beam-axis

operate in a high rate environment, of up to 40 kHz/cm and up to 500 kHz/Straw.

Magnet MNP33

183 m from targel 10m 0m 5m

Figure 2.5: Schematic view of the magnetic spectrometer [5].

2.2.3 CHANTI

The CHANTT detector [41] is placed after the third station of the GTK (z ~ 103m)
in order to reduce the background due to the inelastic interactions of the beam with
the collimator and the GTK stations and also to tag the muon halo close to the
beam coming from 7 — uv (BR~99% [3|) and K — mu (BR~63% [3]) decays. For
instance, if a beam particle interacts inelastically with the third station of the GTK
producing pions or other particles at large angle, these particles can reach the straw
tracker and mimic a kaon decay in the fiducial region. If only this particle is detected,
the event can appear as a signal event, i.e. one single 71 in the final state. The
CHANTT thus has to identify inelastic interactions in the GTK and to tag particles
with higher angle with respect to the beam. It consists of six stations of scintillator
bars around the beam placed in a vacuum vessel together with the GTKS3 station.
The scattered particles are detected by the CHANTTI stations (blue bars) as shown
in Figure 2.6 [5]. The CHANTI is supposed to veto 2 MHz of events coming from

inelastic interactions and from muon halo.
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Figure 2.6: Schematic view of the CHANTI (blue bars), while detecting particle
after inelastic interaction in the GTK3 [5].

2.3 The particle identification system

The particle identification system is composed of a detector for positive identification
of the incoming K+, the CEDAR, and a detector for the identification of the outgoing

7, ut, e~ and e, the Ring Imaging CHerenkov.

2.3.1 CEDAR

The beam at the upstream detectors is mainly made up of pions (~ 70%) and
protons (~ 20%), with only 6% of kaons. The identification of the minor kaon
component is achieved by putting a Cherenkov Detector with Achromatic Ring focus,
the CEDAR, in the incoming secondary beam. The design of the detector is based
on a CERN West Area CEDAR detector used during the 1970s to discriminate pions,
protons and kaon from the beam coming from the CERN SPS [42]. The CEDAR
gas volume and optics are suitable for use in NA62, but the original photodetectors
and read-out electronics are not suitable to sustain the particle rate in NA62 beam
line. Therefore a new photodetection and read-out system is developed to meet the

NAG62 requirements, constituting the KTAG (Kaon TAGger) detector.

The detector has to identify particles with a specific mass while being blind to the
Cherenkov light coming from particles with different mass. It is able to separate

kaons and pions up to 150 GeV /c. The CEDAR is a ~ 7 m long vessel filled with Ny
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gas at room temperature with a pressure that can vary from near-vacuum (rle_1
bar) to 5 bar [43|. A charged particle passing through the gas with a momentum
over the Cherenkov threshold produces Cherenkov light.

2.3.1.1 The Cherenkov effect

When a charged particle crosses a medium, which has a refractive index n, with a
velocity 3 larger than the speed of the light in that medium (¢/n), it emits a radiation
at angle 0. with respect to the particle trajectory, generating a Cherenkov-light cone
in the medium such that:

1

cosl. = vk (2.2)

Putting 6. = 0 the threshold velocity ; under which no Cherenkov light is emitted

by the charged particle is obtained:

By =1/n, (2.3)

while putting 8 =1 the maximum Cherenkov angle 6, is obtained:

cosf ™ = —,
n
2—1
sind"** = A — , (2.4)
n
tanf™ = v/n? — 1.
If the particle has mass m, its momentum is:
mf3
p=myf=—F—vx (2.5)

V1-p2
The momentum threshold for a particle of a mass m to create a Cherenkov cone is
given by:

m

The number of photons N emitted through a radiator thickness x depends on
the wavelength A (or energy E), the index of refraction and the Cherenkov angle
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(assuming a single charged particle):

AN 2
dEdr %sm% ~ 370sin%f, eV lem™?, (2.7)

which is the Frank-Tamm equation [44, 45|. It can be also written as:

&N 27 .,
m = FSIH 90- (28)

The Cherenkov light produced by a charged particle in the CEDAR gas tank is
reflected by a spherical mirror, placed at the end of the vessel, with 300 mm diameter
and a 100 mm aperture in the centre to allow the passage of the beam. The light is
reflected onto a diaphragm with an adjustable aperture width placed at the entrance

of the vessel in order to select rings of certain radius, Figure 2.7.

Given a particle momentum and a gas refractive index n, the angle of the emitted
Cherenkov light is a function only of the mass of the traversing particle. The chromatic
dispersion of the gas also gives a dependence of the angle on the wavelength of the
light. There is a chromatic corrector lens placed between the diaphragm and the
mirror (see Figure 2.7) aiming to match the chromatic dispersion curve of the gas; it
ensures that light of different wavelengths arrives at the same radius on the diaphragm
plane, avoiding therefore the detection of light from unwanted particle since it hits

the diaphragm plane in a different radius, not passing through the aperture.

The light detection is performed by the KTAG (Kaon TAGger). There are 384
photomultipliers mounted on 8 light boxes. The KTAG has to cope with the
expected 45 MHz kaon rate. The system of CEDAR and KTAG has an efficiency
in kaon tagging above 95% with a kaon time resolution less than 100 ps in order

sustain the total beam particle rate of 750 MHz.
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Figure 2.7: Schematic layout of the SPS CEDAR from [5].

2.3.2 RICH

The Ring Imaging CHerenkov (RICH) is the particle identification detector for the
kaon decay products [46]. It aims to separate 7+ from ™ between 15 GeV/c and 35
GeV /c momentum providing a muon suppression factor of at least 1072, It exploits

the emission of the light cones due to the Cherenkov effect (Section 2.3.1.1).

In the RICH detector the Cherenkov cone is reflected back by a spherical mirror on
a photon detector placed at the focal plane of the mirror (for the description of the
components of the RICH detector see Section 2.3.2.1). If the particle trajectory is
orthogonal to the focal plane, the cone image reflected by the spherical mirror is a

ring with a radius

Tring = ftanec = feu (29)

where f is the focal length of the spherical mirror (i.e. half of its curvature radius).

The approximation is good assuming small Cherenkov angles (this is the case in the
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gas radiator). Other important relations are (for small Cherenkov angles):

\/tan29£naw _ m_; 2

p m

Tring = f 2 = (ema:v
31+ 5

Fmae = ftandy™™" = fvn? — 1, (2.10)

. 2 _ f2 "
T””Q = Tmax f 9

where p is the particle momentum and m is the particle mass. Particles with parallel
trajectories form concentric rings. If a particle trajectory has an angle o with respect
to the axis orthogonal to the detector focal plane, the centre of the ring is shifted by
a distance d given by

d = ftana (2.11)

in the same direction of the particle trajectory inclination and the ring is slightly

distorted to an ellipse of minimum and maximum semiaxes:

min = ftanf.; e = ftand./cosa. (2.12)

2.3.2.1 The detector: basic design and characteristics

The choice of the Neon gas at atmospheric pressure as a Cherenkov radiating medium
is due to the requirement to separate pions from muons in the momentum region
between 15 GeV /c and 35 GeV /¢, providing a muon suppression factor of at least
1072, In order to achieve this requirement, the Cherenkov momentum-threshold
must be roughly 20% smaller than the minimum of the momentum range, i.e. ~ 12.5
GeV /c (a sufficient number of hits is required to reconstruct the Cherenkov ring).
This leads to a refractive index equal to (n — 1) = 62 x 107% which is the value of

the Neon gas at atmospheric pressure.

The measurement of the crossing-time of a particle has to be performed with a
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resolution of ~ 100 ps or better. This leads to the choice to use fast single anode
photomultilpliers, with a small dimension of the PMTs (for the PMT dimension see
Section 2.3.2.5) and a compact packaging.

The Frank-Tamm equation in 2.8 gives the number of emitted photons through a
radiator thickness per unit of photon energy as a function of the Cherenkov angle.
The actual number of photoelectrons N, ., i.e. the number of electrons produced by
a photon impinging on the PMT-photocathode, is obtained by the convolution of
several terms; in particular, starting from the Frank-Tamm equation, the reflectivity
of the mirrors , the spectral response of the PMT, the transparency of the gas and of
any other medium in front of the PMT, the geometrical acceptance of the PMTs, the
length L of the radiator and the emitting Cherenkov angle have to be considered. All
these quantities depend on the photon energy, except for the length of the radiator
and the emitting Cherenkov angle. Hence a quality factor Ny is defined to describe

the performance of the RICH detector:
N,.. = NoLsin® 6. (2.13)

A good RICH detector has the quality factor Ny roughly equal to 100 cm™! [3]. In
this case the probability to produce more than one photoelectron in the same PMT
is not negligible (~10%), thus it is better to use the number of fired PMTs, Ny,
that is smaller than NV, .. The NA62 RICH vessel, i.e. the gas container, is 17 m
long in the beam direction: this number is a good compromise between the quality
factor and the space available along the beam line between the last straw and the
Liquid Krypton calorimeter: a longer detector is preferable because it provides a

larger number of hits.
2.3.2.2 The RICH vessel

The NA62 RICH vessel is placed downstream the fourth STRAW chamber. It has to
contain the Neon gas with no leakage, operating at atmospheric pressure. The gas

density must remain constant (within 1%) over time dictated by the tolerance on
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the variation of the refractive index [5]. A schematic view of the vessel is shown in

Figure 2.8. The Cherenkov light emitted in the gas system is reflected back by a

Mirror mosaic

Flanges with
2 % 1000 PMts Length > 17 m; @ = up to 4m

Filled with Neon Gas
at 1 atm.

Figure 2.8: Schematic view of the RICH detector [46].

system of hexagonal spherical mirrors into two different regions (flanges) upstream
the gas tank, one on the right of the beam pipe and the other one on the left. They
are placed outside the gammas acceptance (gammas from the kaon decay products)
and placed in the transverse plane, with the centres in y = 0 according to the NA62
reference frame. The Cherenkov light is reflected into two different regions in order to
avoid the shadow of the beam pipe, that would lead to a loss of Cherenkov photons.
Each of the regions has a circular shape with a 780 mm diameter (Figure 2.9). The
PMTs are lodged in the two flanges. The RICH vessel consists of several parts: each

Figure 2.9: The RICH vessel installed in the NA62 cavern (left). The beam pipe
seen from the inside of the RICH vessel where the entrance window and the PMT
flanges are well visible (right) [47].

part has a different dimension. It has indeed a decreasing diameter, between 4 m at

the entrance and 3.4 m at the end to avoid hindening the reflected Cherenkov light.
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The diameter of the last downstream part is due to the size of the mirror support

panel.

2.3.2.3 The gas system

The NA62 RICH radiator-gas has to satisfy five different requirements to achieve a

good performance of the detector:

e appropriate refractive index at atmospheric pressure,

e good light transparency in the visible and near UV region (as the peak of
the Cherenkov light emission is in the near UV with a long tail in the visible

region),
e low chromatic dispersion,
e low atomic weight, in order to minimize radiation length,

e non-flammable.

The Neon is the most appropriate choice: it has a suitable refractive index, a small

chromatic dispersion and a low atomic mass.

The RICH operating wavelength range starts at 190 nm, due to the Cherenkov light
spectrum, and its performance is not sensitive to impurities in the gas. The light
absorption for trace pollutants of Oxygen and H>O, for example, becomes noticeable
only at wavelength below 190nm. However the presence of residual gases affects the
refractive index, degrading the Cherenkov angle resolution if concentration variations

occur at different times.

2.3.2.4 The mirrors system

A mosaic of spherical mirrors images the Cherenkov light cone into a ring on the focal
plane of the mirrors. As already mentioned, in order to avoid a loss of Cherenkov

photons by the absorption due to the beam pipe, the mirrors are divided into two
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different spherical surfaces, one with the centre of the curvature pointing toward the
left and the other one toward the right of the beam pipe. The total reflective surface

exceeds 6 m? and a matrix of 20 mirrors is used.

Figure 2.10: Design of the hexagonal spherical mirror of the RICH detector [46].

The NA62 RICH detector has spherical mirrors with a nominal curvature radius of
34 m and a focal length of 17 m. The 20 mirrors do not have all the same shape,
in particular 18 mirrors have an hexagonal shape (35 cm side dimension) and 2 a
semi-hexagonal shape as shown in Figure 2.10. The semi-hexagonal shaped mirrors
are placed in the centre of the mosaic and they have a circular opening in the middle
to accommodate the beam pipe. The mirrors have a thickness of 25 mm and they
are coated with aluminium; a dielectric film is also added in order to protect the

mirrors and to improve the reflectivity.

Each of the mosaic mirrors must satisfy three optical parameters:

e defining Dy as the diameter of the smallest image of a point source placed in
the centre of curvature which contains 95% of the light, each mirror is required

to have a Dy not larger than 4 mm;
e a radius of curvature within £ 20 cm of the nominal one;

e an average reflectivity, in the wavelength range between 195 nm and 650 nm,

better than 90%.
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The mounting of the mirrors downstream the vessel is shown in Figure 2.11.

Figure 2.11: Some mirrors hung on the support in the lower part of the mosaic inside
the RICH vessel (left); the completed mirror mosaic (right) [47].

In order to support the mirror mosaic, an aluminium honeycomb panel is placed in
front of the downstream end-cap of the vessel. This panel, 50 mm thick, is divided
into two halves and is designed to be stiff enough for the 400 kg load of the mirror
mosaic, but at the same time as transparent as possible to gammas to be detected

by the downstream Liquid Krypton (LKr) calorimeter.

Each mirror must be supported and adjustable for alignment. The mirrors are left

free to rotate along the x and y axis.

2.3.2.5 Photon detection system

In order to have a good angular resolution of the detector, the granularity of the
photon detection system has to be as small as possible. On the other hand, an
increasing number of photo detectors would directly lead to a higher cost of the
RICH detector. A reasonable compromise drives to the choice of 1952 PMTs in total.
A simulation study has shown that they are quite enough to match the detector
requirements. The single photo-sensor has diameter of 18 mm. They are mounted
on the two different flanges: each flange is equipped with 976 PMTs, see Figure
2.12. The NA62 RICH PMTs must have a fast response and a small dimension. A
group of 8 neighbouring PMTs defines a super-cell (SC): the RICH has in total 244

super-cells (the super-cells are useful for trigger purposes, see chapter 4).

42



Figure 2.12: On the left-hand side a schematic drawing of the NA62 RICH detector:
the upstream section of the vessel shows a zoom on one of the two PMT flanges
while the downstream section shows the mirror mosaic [47]. On the right-hand side,
one of the two flanges with 976 PMTs mounted on it [47].

Each of the two flanges, 780 mm in diameter, consists of two parts both in aluminium:
an inner part with 23 mm thickness divides the Neon gas from the air by means
of 12.7 mm wide and 1 mm thick quartz windows. It also collects the incoming
Cherenkov light through a Winston cone that is an hole with a shape of truncated
paraboloid covered by a highly reflective Polyethylenterephthalat (trade name Mylar).
The outer part holds the PMTs. A cylindrical hole, 16.5 mm wide and 10 mm high,
is drilled in the aluminium flange for each PMT, followed by a 17.5 mm wide and
22 mm high hole for the HV divider. A 1 mm thick O-ring (with 17.5 mm outer
and 13.5 mm inner diameter) is placed in front of the PMT (kept in place by a 2
mm thick gorge in the hole placed 0.5 mm above the end) and pressed against the
quartz window to avoid external light to reach the PMT. A (54+1) mm thick O-ring
(with the same outer and inner diameter of the 1 mm O-ring) is placed on the back
of the PMT (after the end of the HV divider) to close the hole and avoid external
light; this O-ring also guarantees a good thermal contact between the PMT and the

aluminium flange and absorbs the tolerance in the PMT total length.

Concerning the front-end electronics, the signal output of the PMT has a roughly
triangular shape with a rise time of 0.78 ns (on average) and a fall time about twice
as long. At the nominal voltage (900 V), the gain is typically 1.5 x 105, with a charge
output of ~ 240 fC, corresponding to a peak current of 200 A and a negative peak
voltage of 10 mV over 50 §2. The front-end electronics are based on the NINO ASIC.
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The 8-channel NINO ASIC [48, 49| is chosen as discriminator, because of its fast
response. The PMT output is sent to a current amplifier, before reaching the NINO,
in order to match the optimal NINO performance region. The NINO discriminator
operates in time-over-threshold mode, its LVDS (Low Voltage Differential Signal)
output signal is sent to 512-channels TEL62 [50] boards equipped with HPTDC
(High Performance Time to Digital Convert) [51] chips. In order to increase the
time performance a slewing correction in the analysis is necessary, thus both leading
and trailing edge of the LVDS signal are recorded. Differences in the output height
results in differences in the slope of the rise time: more the height is and more the
steepness is. For this reason the threshold value of the signal amplitude is reached
earlier in a higher signal than in a lower one, resulting in a global deterioration of

the time resolution.

2.3.3 CHOD

The NA48 charged hodoscope (CHOD) detector [5] is placed downstream the RICH
and upstream the Liquid Krypton calorimeter. The layout of the detector is shown in
Figure 2.14. It consists of 128 detection channels reading the signals from two planes
of 64 horizontal and vertical scintillator slabs. Each plane is divided in four quadrants
with 16 counters each. The length of the slabs ranges from 60 cm to 121 cm and the
width from 6.5 cm (close to the beam pipe) to 9.9 cm. The central hole has a radius
of 10.8 cm because of the passage of the beam pipe. The scintillation light, produced
by a charged particle passing through the slab, is collected at the edge of the slab
from a Plexiglass fishtail shaped light guide connected to a photomultiplier. The
passage of a charged particle through the detector is identified by the time matching
between the hits of the two slabs of corresponding quadrants of the two planes. The
two planes have a distance of ~ 30 cm between them; this distance allows to tag fake
coincidences due to the back-splash from the LKr calorimeter surface according to
the different timing of the two planes. The CHOD performs with a time resolution
of 200 ps. A design for a new CHOD for the NA62 experiment is being developed
in order to sustain the high hit rate (10 MHz) at which the scintillator slabs are
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Figure 2.13: Sketch of the horizontal and vertical planes of the CHOD [5].

2.4 The photon veto system

The photon veto system aims to reject the dominant background to different signals
(for example K™ — 7tvw or KT — zwtete™). For instance, one of the main
background for the K™ — ntete™ signal to be rejected is the K+ — 77 7% decay
(BR=20.7%), with an inefficiency for the rejection of 7° of about 1078. It covers an
acceptance region from 0 mrad up to 50 mrad in the polar angle with respect to the
beam line. The acceptance region is split into three different angular regions with

respect to the beam line, each with a different photon detector:
e the angular region between 8.5 mrad and 50 mrad is covered by the Large
Angle Vetoes (LAV);

e the angular region between 1 mrad and 8.5 mrad is covered by the Liquid

Krypton calorimeter (LKr);

e the angular region up to 1 mrad is covered by a Small Angle Calorimeter (SAC)
and by the Inner Ring Calorimeter (IRC). Together they form the Small Angle
Vetoes (SAV).
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Figure 2.14: Sketch of the NA62 detector where the photon veto sub-detectors are
underlined by black rectangles [5].

2.4.1 LAV

The LAV detector is composed of twelve stations placed between 120 m and 240
m along the z-axis in the NA62 reference frame (see Table 2.1). The first eleven
stations are situated in the vacuum decay tube, while the last one is outside the
vacuum tube. The diameter of the stations increases with the distance from the

target on the z-axis.

The building blocks of all twelve stations are lead glass blocks from the OPAL
electromagnetic calorimeter barrel [52]. The blocks are mounted radially inside a
cylindrical station in an inward-facing ring called layer (see Figure 2.15). Multi-ring
layers are constructed in each station. A photon impinging on a lead block creates
an electromagnetic shower. Charged particles of the shower will create Cherenkov
light in the block. Each block is read out by a photomultiplier placed at the back
side of the block, Figure 2.15.

The LAV photon detection inefficiency has been measured at the Beam Test Facility
at the Laboratori Nazionali di Fisica Nucleare e Subnucleare in Frascati and it is

(1.2709)x10~* at 200 MeV and (1.1158)x107° at 500 MeV [53].
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Figure 2.15: A lead glass block from the OPAL calorimeter (left). The first LAV
station with 32 x 5 OPAL lead glass [5].

2.4.2 The Liquid Krypton calorimeter

The Liquid Krypton (LKr) detector is the same that has been used in the NA48
experiment, with a new readout. It is an homogeneous calorimeter. A photon or an
electron passing through the active part of the detector creates an electromagnetic
shower via either pair production or Bremsstrahlung process. The LKr calorimeter
rejects photons in an angle between 1 mrad and 8.5 mrad with respect to the beam
line. It is required to have a detection inefficiency better than 10~° for energies larger
than 35 GeV [5]. The shape of the detector is approximately octagonal in the zy
plane and ~ 127 cm long in the z direction, corresponding to 27 radiation length.
The active part of the calorimeter is the liquefied Krypton noble gas and its choice is
due to the good resolution, the absence of ageing problem and the short radiation
length that allows a compact design along the longitudinal direction. A cryogenics
system allows the LKr temperature to be constantly below the boiling temperature
of the Kr (120 K). The calorimeter is enclosed in a cryostat consisting of an external
aluminium vessel (4 mm thick) and an internal vacuum insulated steel container that
contains 7 m? of liquid Krypton (Figure 2.16). The active volume of liquid Krypton
is divided into 13 248 cells by 18 mm wide, 40 pm thick copper-beryllium ribbon

at a distance of 1 cm from each other. The choice of this geometry is due to the

47



necessity of the best accuracy in the measurement of the angle between the photon
direction and the beam direction. The energy resolution of the LKr calorimeter is
(all energies in GeV):

031 0.
gz _ QUL 099 4 ho42, (2.14)

E VE E
The first term is due to the intrinsic fluctuations (Poisson) of the energy deposition,
the second term comes from the instrumental noise and the constant term is due
to the accuracy of the calibration between the reconstructed energy of the shower
and the real energy deposition in the calorimeter. The photon energy in the LKr

calorimeter ranges from ~ 1 GeV up to ~ 6 GeV [5].

Figure 2.16: The LKr calorimeter [5].

2.4.3 IRC

The IRC calorimeter is located in front of the LKr and with the SAC calorimeter
it has to detect photons emitted with angles approaching zero with respect to the
kaon flight direction. Its active volume is placed as close as possible around the non
decayed kaon beam and yet at sufficient large radius such that it is not subjected to
extremely high rates due to the beam halo. It has to detect the photons travelling
towards the inactive annular central region of the LKr around the beam pipe. It has
a cylindrical geometry and it is made of two active regions, the first with 25 layers

of lead and scintillators while the second one with 45 layers, for a total of 70 layers.
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The outer radius is centred on the z-axis of the experiment while the inner radius is
centred on the beam axis at a offset of +1 cm in the z-axis. The detector does not
have a rotational symmetry around its axis. The front half of the detector has an
inner and outer radii of 60 mm and 145 mm respectively, while the second half has
an inner and outer radii of 61 mm and 145 mm respectively. The layout of the IRC

is shown in Figure 2.17.

Figure 2.17: Distribution of the fibre holes of the IRC in the frontal view of the lead
layer [5].

2.4.4 SAC

The SAC calorimeter is the last detector in the longitudinal order along the beam
line. The SAC prototype is shown in Figure 2.18. It covers an area of 205 x 205
mm? centred on the axis. The SAC covers the region not covered by the IRC and
the LKr. A sweeping magnet is placed upstream the SAC in order to deflect the
charge component of the beam and to detect the remaining undeflected photons.
The SAC is made of 70 lead plates of 1.5 mm thick with 1.5 mm plastic scintillator
in between, for a total of 21 cm. The incoming photon interacts with the lead and
develops an electromagnetic shower. The charged products of the shower produce
scintillation light inside the plastic material. The light is taken out by wavelengths
shifting fibres (WLS), passing through the plastic scintillator.
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Figure 2.18: The SAC prototype [5].

2.5 The muon veto system

The muon veto system (MUV) consists of three distinct parts called MUV, MUV2,
MUV3 downstream the LKr, Figure 2.19.

MUW1 MUV2 MUV3
— T

Liq. Krypton i

Calorimeter

290 m 241 m 2942 m 292 m 2944 m 245 m 245m 297 m

Figure 2.19: MUVs position along the NA62 beam line [5].

They are essential in reducing the background to different signals (for example
Kt — ntvoor K — nfete™) due to the kaon decays with muons in the final state,

in particular the background coming from the most frequent kaon decay K+ — putu,,.
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2.5.1 MUV1-2

The MUV1 and MUV?2 are two hadronic calorimeters that measure the deposit of

energies and the shower shapes of incident particles. They are classic iron-scintillator

Figure 2.20: View of the MUV1 (grey) and MUV2 (blue) modules [5].

sampling calorimeters with 24 (MUV1) and 22 (MUV2) layers of scintillator strips
alternately oriented in the horizontal and vertical directions. The MUV1 steel layers
have dimensions of (2700x2600x25)mm?® with a central hole of 212 mm for the
passage of the beam particles. The MUV2 steel layers have similar dimension of
(2600 2600x 25)mm? with the same central hole diameter. Each MUV1 scintillator
layer contains a total of 48 strips of about 6 cm width for a total of 48 x 24 = 1152
strips while each MUV2 scintillator layer has 44 strips of about 11 ¢m width for a
total of 48 x 22 = 1056 strips.

2.5.2 MUV3

The MUV3 is the third station of the muon veto system placed after the previous two
stations and an iron wall of 80 ¢m depth that constitutes an additional muon filter.
It consists of 140 large outer scintillator tiles of 22 x 22 cm? transverse area and
5 mm thick and 8 small inner tiles. A central beam hole is present for the passage

of the beam particles. The light produced by a charged particle passing through
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the detector is collected about 20 cm downstream by photomultipliers. Each tile is
read out by 2 PMTs. The time resolution of the MUV3 has been measured during a

technical run to be g, = 500 ps.

Figure 2.21: Layout of the MUV3 module [5].

2.6 The NA62 Trigger and Data Acquisition

A high particle flux (~ 10 MHz) demands a highly selective trigger and data
acquisition (TDAQ) system. Figure 2.22 shows a schematic view of the trigger chain
and data acquisition. The NA62 trigger is based on a multi-level trigger: a hardware
lowest-level trigger (L.0) and a software high-level triggers (L1 and L2) implemented
on dedicated PCs.

2.6.1 The NAG62 Trigger architecture

The NAG62 trigger is based on the signal coming from charged particle, from the energy
released in the calorimeter, and on the veto system. In the presence of a candidate
signal event, for example a KT — wtete™ event, the sub-detectors, involved in the
LO trigger, generate a L0 trigger primitives through a Field Programmable Gate
Array (FPGA). The LO trigger primitives are managed by the L0 Trigger Processor
(LOTP) which combines all the primitives from each sub-detector for a single event

in order to make a final L0 trigger decision. During the elaboration of the L0 trigger
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Figure 2.22: Trigger and Data acquisition overview [5].

decision, data from each sub-detector are stored in circular buffers for a time up to a
defined maximum L0 trigger latency. When the L0 trigger decision is delivered, the
trigger system is required to process events stored in the buffer within a time-window

(£150 ns) around the central trigger-time.

The LO trigger has to reduce the input rate of 10 MHz to an output rate of 1 MHz,
that is the data bandwidth available for event storage in the PC-farm. After the LO
request, data stored within a time-window (£150 ns) around the central trigger-time
are extracted and sent to the PC-farm for the L.1 and L2 trigger processing. The L1
and L2 stages have to reduce the input rate from the L0 trigger by a total factor 100,
so at the end 10 kHz of events will be sent to the PC-merger and then they will be
written on disk. The PC-merger is a PC that receives the accepted events from the
PC-farm, generates files with all events of one burst and stores them on the local

disk buffer. The sending to the CERN data centre is done later by cronjobs.
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2.6.1.1 The hardware low-level LO trigger

The hardware LO trigger is implemented in the TEL62 boards. The TEL62 is the
motherboard for trigger generation and data acquisition for the NA62 experiment.
Each TEL62 contains four TDC Boards (TDCB) that are mezzanine daughter-
cards for the TEL62 board. Each TDCB holds four High Performance Time to
Digital Converter (HPTDC) as time digitizers. Each HPTDC provides 32 TDC
channels, so that a total of 128 channels are contained on TDCB and 512 channels
in total are provided on the TEL62 board. On each TEL62 board four PP-FPGAs
(Pre-Processing FPGA) and one SL-FPGA (SyncLink FPGA) are installed.

There are two streams in the TEL62: the data stream and the trigger stream. In the
data stream, data are stored from TDCB for up to 1 ms that is the maximum latency
of the LO trigger; the trigger stream produces pre-primitives in the four PP-FPGA
and, by combining them, the LO trigger primitive in the SL-FPGA.

Each sub-detector involved in the L0 trigger produces trigger primitives with a
time-stamp and a fine-time that are essential for the time matching among the data
stream coming from the all sub-detectors. The time matching is performed by the
LOTP. The LOTP takes trigger primitives from the TEL62 boards and combines
them, looking for coincident trigger primitives in the various detectors, to produce
a L0 trigger. During the processing of the L0 trigger request by the LOTP, data
are stored in buffers for a time decided by the LO trigger latency. Any LO trigger is
then sent back to each TEL62 board and demands any data collected in the relevant
time period (in the 2015 run for the RICH a window of £150 ns around the time

associated with the LO trigger has been chosen).

The NA62 sub-detectors involved in the LO trigger are the RICH, the CHOD,
the MUV (in particular the fast muon veto MUV3), the LKr and the LAV. For
instance, the L0 trigger for the main physics goal of NA62 experiment, the search
for K — 7ntvi event, requires a single ring in the RICH and a single track in the

CHOD, not more than one cluster in the LKr, an energy cluster released in the
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MUV1-2 by hadron, and nothing in the MUV3 and nothing in the LAV stations. In
this case the CHOD is used to positively tag a single charged particle downstream
the beam line. A L0 trigger strategy for the selection of multi-track even is discussed
in detail in Section 4.2. The track multiplicity in the CHOD is important to tag

multi-track kaon decays (Section 4.2).

The RICH multiplicity, that is the number of PMTs fired, is useful to either reduce
or to select multi-track events. The particle identification feature of the RICH
for particles with 8 #1 can not be used at this early trigger stage since it would
require a correlation among sub-detectors that are spatially separated; in particular
the knowledge of the particle momentum from the straw spectrometer would be

fundamental for the particle identification.

The third station of the muon veto system, the MUV3, has to veto the high rate of
muon tracks coming from the K™ — p*v, decays and from the muon halo component
from kaon decaying upstream of the final collimator. The LKr calorimeter is needed
to reject the background decay K+ — n77® to the K™ — 7" vi signal. The LAV
stations will reduce the photon component emitted at large angles, in particular
the photons from the K+ — 77 7% decay. The data acquisition process is described
in Section 2.6.2. Once the data has been collected they are sent to the software

high-level trigger.
2.6.1.2 The software high-level L1 and L2 triggers

The L1 and L2 trigger algorithms are implemented within a software framework
running on each PC of the PC-farm. The NA62 PC-farm contains in total 30 PCs.
Both the L1 and L2 algorithms are implemented on the same PCs to avoid data
transfers. Data coming from the sub-detector readout system are organized in Multi
Event Packets (MEPs), that is a storage packet with a defined "MEP packing factor"
of events. During the 2015 run the MEP factor was set to 4, it means that each
PC of the PC-farm received one MEP containing raw data of 4 events. After the
PC-farm software has checked the data quality of the content of the MEP, each event
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data is analysed by the L1 trigger algorithm. Each sub-detector involved in the L1
trigger has a software algorithm able to do a partial reconstruction of the raw data
from the TEL62 and to apply the L1 trigger cut for the signal selection. A L1 trigger
strategy for the selection of multi-track events with electron identification using the
RICH detector is described in chapters 4 and 5. The implementation of the RICH

software L1 algorithm on the PC-farm is described in chapter 6.

The L1 trigger has to reduce the input event rate by a factor 10, to achieve an overall
data rate of 100 kHz going to the L2 trigger stage. If the event has passed the L1
trigger cut, it is sent to the L2 trigger which contains software algorithms able to do
a first reconstruction of the event. A further reduction factor of 10 is achieved by
the L2 trigger cut, leading to a 10 kHz event rate sent to the PC-merger and then
stored to disk.

2.6.2 The Data Acquisition

Most part of the NA62 sub-detectors uses a common readout system based on the
TEL62 motherboard and the TDCB daughter-card. This system provides a good
time resolution in a high-rate environment and ensures a manageable data rates. The
TDC readout system reads the pulse information by using the Time-Over-Threshold
technique when both leading and trailing edges are measured. The sub-detectors
that adopt the TEL62 readout system are: the CEDAR, the LAVs, the CHANTI, the
RICH, the CHOD and the MUV3. The readout of the other sub-detectors is based
either on a custom TDC approach or an ADC readout. The number of channels
and the hit rate for each sub-detectors are shown in Table 2.3. The total number of
channels of the experiment to be read is about 80 000; considering the rate to which
each sub-detector is exposed and the event size detected by each sub-detectors, the

NA62 DAQ system produces about 2 TB/s of raw data bandwidth.
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Sub-detectors

Total channels

Hit rate [MHz|

CEDAR
GTK
LAV

CHANTI

STRAW
RICH

CHOD
IRC
LKr

MUV1+MUV2+MUV3

SAC

384
54000
4992
276
7168
1929
128
4
13248
576
4

50
2700
11
2
240
11
12
6
40
30
2

57

Table 2.3: Number of channels and typical rates of NA62 sub-detectors.




Chapter 3

Efficiency studies of the offline NA62
RICH multi-ring reconstruction

algorithm

Cherenkov ring identification is crucial to identify an electron track in a multi-
track event. The official offline NA62 RICH multi-ring reconstruction software is
based on the Ptolemy’s algorithm: starting from purely geometrical considerations,
this algorithm allows a trackless multi-ring reconstruction [54]. An explanation of
Ptolemy’s algorithm, described in the mathematical and astronomical treatise The

Almagest, is presented in Section 3.1.

Monte Carlo studies on the momentum threshold for Cherenkov radiation are de-

scribed in Section 3.2.

Efficiency studies of the official NA62 multi-ring reconstruction software when used

as an online software trigger are described in Section 3.3.

The analysis shown in this chapter is based on the output of the official NA62 Monte
Carlo based on the Geant4 package [55] and of the official NA62 Reconstruction
software [56].
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3.1 The RICH reconstruction algorithm

The first book of Ptolemy’s Almagest (MeyaAn Xvvrtaéis, The Great Treatise)
contains Ptolemy’s Theorem. This theorem presents a relation between the lengths of
the four sides and the two diagonals of a cyclic quadrilateral, that is a quadrilateral

whose vertices lie on a circle. The theorem states:

"In a convex quadrilateral, if the sum of the products of its two pairs of opposite
sides 1s equal to the product of its diagonals, then the quadrilateral can be inscribed

m a circle. "

In particular the definition of a quadrilateral circle is given as follows with respect to

Figure 3.1:

A quadrilateral is cyclic, i.e. the vertices lie on a circle, if and only if the following

relation is satisfied:

AD x BC + AB x DC = AC x BD. (3.1)

C

Figure 3.1: The Ptolemy theorem.

A secondary particle produced from kaon decays (pion, muon or electron) will produce
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hits in the RICH PMTs if the momentum of the particle is above the momentum

threshold for Cherenkov radiation.

Starting from these hits, the algorithm has to reconstruct the Cherenkov ring
associated with the particle. The procedure is quite challenging if there is more than
one Cherenkov ring to reconstruct in the absence of any information about the ring

centre position (trackless ring reconstruction algorithm).

Eight directions in the PMT hits space are chosen as indicated in Figure 3.2. Con-

<00E =
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Figure 3.2: The RICH multi-ring reconstruction for a 3 tracks signature [57].

sidering one direction, for instance the direction labelled with Up, this direction
represents a new reference axis. The algorithm selects three PMT hits with the
smallest coordinate according to this new axis. If these three hits, called a triplet,
do not lie on the same line in the PMTs space and the minimum distance between
each of them is 90 mm!, this triplet represents the starting PMT hits from which
the algorithm begins to reconstruct the first Cherenkov ring. If there is no starting
triplet satisfying the above conditions along this direction, none of the Cherenkov

rings is reconstructed and a new reference direction is chosen (Figure 3.2).

'Tt has been optimised by Monte Carlo simulation.

60



For instance, looking at Figure 3.1, the points A, B, D can be considered as the
three PMT hits of the starting triplet chosen along the direction Up in Figure 3.2.
The algorithm looks for the point C (the PMT hit) satisfying the Ptolemy theorem

according to the following relation:

AD x BC 4+ AB x DC — AC x BD| < &*, (3.2)

where d? is 40 mm? 2. Naturally, more than one PMT hit can satisfy the relation
3.2. All the PMT hits satisfying the relation 3.2, collected from the starting triplet

chosen along the fixed direction, represent the first ring candidate.

In order to reconstruct the other potential Cherenkov rings with the residual PMT
hits, the previous operations are repeated along the same direction. Hence a new
starting triplet is chosen from the residual PMT hits along the Up direction. All
the PMT hits satisfying the relation 3.2 constitute a second ring candidate. These
operations are repeated until fewer than four PMT hits are available. Once all
possible PMT hits are classified as belonging to different ring candidates, a set of
ring candidates is obtained for that fixed direction (in this case for the Up direction).
If no PMT hits collected from the starting triplet, along that direction, satisfy the
condition 3.2, the ring candidate is discarded since it is required to be reconstructed
with at least four PMT hits, by construction. A ring-fit is performed on each of the
ring candidates. The total x? of the set of ring candidates is defined as the sum of
the x? obtained from the ring-fit on each ring candidate. Hence, after choosing one
of the eight directions shown in Figure 3.2, a set of reconstructed rings with a total

x? is obtained after a ring-fit procedure.

All the operations described above are repeated for the other seven directions shown
in Figure 3.2. At the end, eight sets of ring candidates are obtained, each of them
with a total x2 value. The best set of reconstructed ring candidates, among the eight

directions, is chosen according to the smallest total .

2It has been optimised by Monte Carlo simulation.
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3.2 Monte Carlo RICH multi-ring studies

Before starting the efficiency study of the multi-ring reconstruction algorithm, simple
studies on the momentum threshold for Cherenkov radiation are performed to compare
the expected theoretical value of the momentum threshold with that obtained from

Monte Carlo truth information 3.

A Monte Carlo sample of 10 000 K+ — w77~ events is generated using the official
NA62 Monte Carlo software [56]. The events are generated with the kaon decay
vertex lying in the NA62 fiducial region (105m< z <165m). The events for which
the kaon decay products decay or interact after the RICH mirror, which is placed at

236 875 m along the z-axis of the NA62 reference frame, are selected.

The image of a Cherenkov cone on the focal plane is a ring of radius 7,,, given by,

in the small Cherenkov angle approximation (see Chapter 2, Section 2.3.1.1):

2
Tring = rrznax - me_27 (33)
p

where:

e f is the focal length;

® Tiae = ftanb,.,. = fv/n? — 1 (n is the refractive index of the gas radiator and
Omae 18 the maximum angle at which the Cherenkov radiation is emitted with

respect to the particle trajectory);
e p is the particle momentum;

e m is the particle mass,

3Monte Carlo truth information indicates the quantity obtained from Geant4 simulation b